Forest management has potential to detrimentally impact long-term plantation productivity. Establishment of mixed plantations and fertilization are two important management approaches when trying to maintain soil qualities and productivity. In this study, two types of experiments were conducted to investigate the influence of soil qualities on intra-and interspecific competition dynamics in two larch species. Experiment 1: We transplanted two deciduous larch species, Larix kaempferi and L. olgensis, to study intra-and interspecific competition dynamics in two different types of soil: one from a c. twenty years old L. kaempferi plantation (named larch soil) and another from a secondary natural forest (named mixed-forest soil). Experiment 2: Effects of N fertilization on the competition dynamics of the two larch species were tested in the larch soil. In the experiment 1, we hypothesized that the growth of L. kaempferi in the larch soil under no fertilization is inhibited when competing with L. olgensis, and their competition relationships may be different in the mixed-forest soil. In both species, the starch and TNC (total nonstructural carbohydrate) concentrations of roots and shoots were significantly higher in the mixed-forest soil when compared to the concentrations in the larch soil without N fertilization (NÀ). The relative competition intensity (RCI) was affected by the soil type. RCI of L. olgensis was higher than that of L. kaempferi in the larch soil N-condition, and RCI of L. kaempferi was higher than that of L. olgensis in the mixed-forest soil in 2015. However, the RCI values did not show significant differences in 2014. In the experiment 2, L. kaempferi showed superior competitiveness in the larch soil N+ condition, with the highest RCI value in 2014, but the RCI value of L. kaempferi declined while the RCI value of L. olgensis increased from 2014 to 2015. Both experiments indicated that the benefiting species had higher element (C, N and P) and non-structural carbohydrate (starch and soluble sugar) content accumulation ratios from 2014 to 2015. We found that competition relationships changed between years and depending on conditions. We suggest that mixed plantations and N fertilization together could effectively promote the productivity of Larix.
Introduction
Although the total area of forests is declining globally, different types of forest plantations are increasing. Forest plantations provide wood products to meet the social and economic demands and help to restore degraded land (Paul et al., 2010 ). Yet, forest management has the potential to detrimentally impact long-term plantation productivity. The paper by Keeves (1966) drawed attention to potential productivity declines in successive rotations of Pinus radiata and, thereafter, many other studies have revealed similar results in different types of plantations around the world (reviewed by, e.g., Fox, 2000; O'Hehir and Nambiar, 2010) . Several methods are available to solve such forest management problems. The establishment of mixed plantations and the use of fertilization are two important management approaches to maintain soil qualities and plantation productivity (Fox, 2000; O'Hehir and Nambiar, 2010; Richards et al., 2010) .
The benefits of mixed-forest plantations are probably due to interactions between species or interactions with soils that are not present in monoculture plantations (Richards et al., 2010; Guo et al., 2016) . Types of plant-plant competition (positive, negative or neutral) frequently shift or change in response to different environmental factors. As previously shown, spatial and temporal environmental heterogeneity can alter competitive relationships (Sthultz et al., 2007; Maestre et al., 2009; Soliveres et al., 2010; Liu et al., 2013; Biswas and Wagner, 2014) . Species can distinguish conspecific and heterospecific individuals, and this may lead to substantial changes in interactions (Schmid and Kazda, 2002; Miller et al., 2007; Duan et al., 2014) . Competitive responses are dynamic processes and they have been examined by many modelers (e.g., Damgaard et al., 2002; Crone, 2016) . Several experiments have confirmed temporal changes in competition by measuring simultaneous changes in resource capture and biomass production (e.g. Trinder et al., 2012a, b) . Typical one-time biomass measurements cannot provide unambiguous insights into the competition dynamics of plants.
After several successive rotations, forest plantations typically show declined soil qualities, for example, lowered N availability to plants (Fox, 2000; O'Hehir and Nambiar, 2010) . Thus, fertilization is an important way to ameliorate plantation soil qualities and promote productivity. Soil nutrient availability limits ecosystem productivity, either on their own or in combination with other mineral nutrients (Wassen et al., 2005) . Plants have been shown to display different root distributions between conspecific and heterospecific species for resource capture (Schmid and Kazda, 2002) . Many experiments have confirmed that plants' competitive interactions vary along with the availability and form of N or P (Maestre et al., 2005; Trinder et al., 2012b; Ahmad-Ramli et al., 2013; Wilberts et al., 2014) , and negative competition reduces species richness (Hautier et al., 2009) . Also, effects of forest plantations on soil microbial community structures could be an important reason that affects soil qualities and productivity. He et al. (2014) have shown that after the replacement of a natural broadleaf forest, bacteria with a close phylogenetic relationship to Pedobacter cryoconitis disappear, but those with a close phylogenetic relationship to Xanthomonas spp. and Rhodanobacter spp. begin to appear in the soil of a Cunninghamia lanceolata plantation.
The accumulation of N pools affects the performance and growth of plants (Jordan et al., 2012 (Jordan et al., , 2014 . Non-structural carbohydrates, the sum of soluble sugars and starch, play a key role in physiological processes, such as serving as signaling molecules, providing basic C energy to growth and respiration (Koch, 2004; Secchi and Zwieniecki, 2011) and maintaining cell turgor and osmoregulation (Muller et al., 2011) . It has been shown that non-structural carbohydrate storage can enhance plants' ability to resist stress conditions (Myers and Kitajima, 2007; Wiley et al., 2013; O'Brien et al., 2014) . Non-structural carbon pools positively correlate with survival, especially when seedlings experience shade and defoliation (Myers and Kitajima, 2007) . Species differ in the ways they produce, use, store and allocate nonstructural carbohydrates, and this may determine their competitive ability. A few studies have found that intra-and interspecific competition modulates the concentration or accumulation of starch or soluble sugars (Liu et al., 2004; Duan et al., 2014; Guo et al., 2016) . Differences in sizes of carbon pools are important functional traits that may reflect plants' competitive ability.
In this study, we conducted experiments to investigate intraand interspecific competition dynamics in two deciduous tree species Larix kaempferi (Lamb.) Carr and L. olgensis A. Henry under two different soil types and under N fertilization. These two species are closely similar in life history traits and morphological traits, which make them difficult to be distinguished from each other, especially at the juvenile stage. However, they show differences in the growth rate, photosynthetic rate and N-use efficiency (Li et al., 2016) . In the Experiment 1, we used one kind of soil from the L. kaempferi plantation and another type of soil from a natural secondary forest. We aimed to reveal the effects of the two soil types on competition dynamics. We hypothesized that the growth of L. kaempferi in the L. kaempferi soil under no fertilization is inhibited when competing with L. olgensis, and their competition relationships may be different in the soil sampled from the natural secondary forest. There is previous knowledge that a particular species may decline its growth in its own soil, while the growth of another species may not be negatively affected (Bever et al., 2012; Hendriks et al., 2015) . In the Experiment 2, we studied the effects of N fertilization on the competition dynamics of the two larch species in the larch soil. Previously, Li et al. (2016) have shown that N fertilization promotes the growth of L. kaempferi in the L. kaempferi soil. We wanted to know, whether N fertilization would affect the competitive performance of the two larch species grown in the L. kaempferi soil. Finally, we wanted to know how the plants' nutrition and non-structural carbohydrate accumulation are affected by competition.
Methods and materials

Study site and experimental design
Our study was conducted at the Qingyuan Experimental Station of the Forest Ecology, Institute of Applied Ecology, Chinese Academy of Sciences, located in a mountainous region in the eastern Liaoning Province, Northeast China (41 51'N, 124 54'E). Larch forests are the dominant forest plantation type through northeastern Asia to central Siberia (Liang et al., 2004) . The studied species, L. kaempferi and L. olgensis, are the major plantation tree species in cold and medium temperate zones of China. Two different soil types were used and they originated from a c. twenty years old planted forest community of L. kaempferi and from a natural secondary forest community. Quercus mongolica and Juglans mandshurica are the dominant tree species in the natural secondary forest. Hereafter, we call the two types of soil larch soil and mixed-forest soil, respectively. The sampled soil was homogenized before planting. The two types of soil were different in their physical and chemical properties. 
Experiment 1: two soil types
The intra-and interspecific competition treatments were designed as follows: monoculture plantations reflecting intraspecific, competition L. kaempferi + L. kaempferi and L. olgensis + L. olgensis; mixed cultures representing interspecific competition, L. kaempferi + L. olgensis. This experiment aimed to reveal the soil effect on the competition dynamics of the two species. Three competition treatments and two soil types (larch and mixed-forest soil) were set up.
Experiment 2: N supplied to the larch soil
Effects of N fertilization were tested only in the larch soil. Urea (46.3% N) was used for N fertilization (as in Zhu et al., 2011) in the monocultures and mixed plantations of both species using larch soil. We added urea twice a year, in May and June (5.1 g each time) during years 2014 and 2015. The urea was homogeneously applied to each pot, which were immediately watered. Three competition treatments and two N conditions (with and without N fertilization)
